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INTRODUCTION

Los Alamos Naticnal Laboratory and Insituto Mexicano del Petroleo have embarked on a
joint study of options for improving air quality in Mexico City. One of the first steps in the
process is to develop an understanding of the existing air quality situation. The intent is
to develop a modeling system which can address the behavior of pollutants in the region so
that options for improving Mexico City air quality can be properly evalnated. The focus of
the carly efforts is to learn what we can from the data which has been collected in the past.
‘The project is currently conducting a field program which will yield a variety of data which
can be used to further evaluate and improve the models.

Initially, we are concentrating on meteorological variables and the behavior of carbon monox-
ide and sulfur dioxide. While ambient standards are sometimes violated for carbon monoxide
and sulfur dioxide; violations are not as frequent for these pollutants as they are for oth-
ers such as photochemical oxidants. However, the intent is to use CO and SO2 to help us
understand the factors which govern dispersion before we add the additional complexity of

chemistry.

In addition, critical elemnents of the emission inventory nceded for the photochemistry are
not yet available. We have begun by examining the relationship between CO and niixing
depth and by modifying a three-dimensional, prognostic, higher order turbulence model for
atmospherie circulation (HOTMAC) to treat domains which include an urbanized area. The
sophisticated meteorological model is required because of the complexity of the terrain and
the relative paucity of meteorological data.

Mexico City lies at an elevation of approximately 7500 feei above sea level in a "U” shaped
basin which opens to the north. Mountains on tir east and southeast sides of the basin reach
clevations in excess of 17.000 feet. The city occupies a major part of the southwest portion of
the basin. Upper level winds are provided by rawinsondes at the airport, low-level winds are
measured at several sites within the city. Many of the sites have obstructed upwind fetehes
for a variety of dicections,

During the wintertime when the worst air quality is measured, the winds aze frequently light.
and out of the northeast. This means the wind« are light within the city, but signiiicant slope
winds develop which influence the behavior of the pollutants. The result. of this combination
of circumstances is a relatively short-residence time for morning rush-hour emissions, but a
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long residence-time for afternoon and evening emissions.

The basic model (HOTMAC) was modified to include an urban canopy and urban heat
sources. HOTMAC is used to drive a Monte-Carlo kernel dispersion code (RAPTAD). Also.
a four year history of temperature structure obtained from the rawinsonde at the airport has
been related to mixing parameters and less reactive pollutant measurements (such as carbon
monoxide).

THE METEOROLOGICAL MODELING SYSTEM

Model Formulation

HOTMAC is a three-dimensional time-dependent model developed by T. Yamada'. It uses
the hydrostatic approximation and a terrain following coordinate system in which the vertical
. 1s given by:

coordinate :

=1

!
e (1)
where z, is the height of the ground and H is the height of the top of model domain. 1 is
equal to Il minus the height of the highest terrain in the domain.

HOTMAC solves conservation relations for the horizontal wind components, petential tem:
perature, moisture, turbulent kinetic energy, and the turbulence length scale. HOTNAC
deseribes advection, coriolis effects, turbulent transfer of heat, momentum, and moisture. It
also describes solar and terrestrial radiation effects, turbulent history effects, and drag and
radiation effects of forest canopies.

Fquation 2 represents the conservation equation for the east- west component of momentum.

The total rate of chauge of the u component of the wind is equal to the sum of a coriolis term,
a buovaney term, two horizontal eddy transport terins and a vertical momentum transport

DU L -z 0.)\ d:

term.

D O, ) ¢r
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V, is the north-south component of the geostrophic wind. (8,) is the horizontal average of
the virtual potential temperature. Equation 3 is a similar expression for the north-south
components of momentum.

DV A-x( (0.) 05 |

o2 (,2) 4 2 Ka_v.)+ B0
tar \"az dy\ "dy/) H-2z,0:z '

FEquation 4 is derived from the hydrostatic approximation and it describes the vertical ve-
locity H'*,in the =" coordinate system.

’ 7 ‘m
U av  aun 1 (Uaz, a):o_

E-r“{—gy“*. :'-_H—z, 81:+V6y

Equation 5 is the energy conservation equatin which describes the total rate of change of
the potential temperature.

ne 9 0], a [, 90 H [4d 1 0Rw
= K ~wl) + — :
T a:[’a]*ay[ 6]+H— g (TwO C,,az-]
The last two terms are the contributions from divergence of the sensible heat flux and
divergence of the radiation field. Ry is the long wave radiation flux.

(4)

(3)

Fquation 6 deseribes the conservation of moisture mixing ratio.

DQ, 9[,.0Q) o8[,.9), H 9, __ .
—[)‘t— = a [l a_t ] + ay [;‘V ay ] + l, o :g pn quv)- (())

An important difference between the higher order turbulence modceis such as this one and
simpler models is the treatment of turbulent fluxes, described by Fquations 7 and 8%,

;L
wie == - 1gSpg %l? (V)
“0 -nlq‘;M%—(—). ('\)
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The turbulent fluxes involve two other factors: I, and ¢ in addition to the gradients and
the factor b” which is a function of the flux Richardson number. Simpler models would
use some form of the latter two factors, but not ¢, the turbulence speed or I which is the
turbulence length scale. ¢ and [ are obtained by solving Equations 9 and 10.

5 (%) =% % (5)]+ & [0% (%) “
(7)o (5)]
_Hj—i (‘u‘;gu +r%) + Bgwb, - E%'
%(q’l) = (% [I\',%(q’l)] + -(% [1\'.,%(421).1 (10)
+ (777;;)2 ? [qlS.(T)——(:,y’l)J
+1F, [H?:, (—r'a{—: —FEQ:-\ + ﬂgufh:

The development of these equations and form of the factors is described by Yamada® and

Mellor and Yamadda®,

Within the soil. Fquation 11 applies:

ar, a (,.dT,
ETr ("-:a'.:;') - )
A kev feature of the modelis its deseription of the surface energy budget Equation 12
R+ KL -Rp1=N,+ LE + G, (12)

I, is the solar shortwave radiation flux, while 1), | is the dowpward long wave atmospherie
flux and ff;, T is the blackbody radiation from the surface. The sensible heat flux 1, is
given by:

H, = - pye,ud’. (14)

5]
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where u® i1s the friction velocity and 8 is a temperature scale which is defined by:

k (©(z) - O¢g)

"R v () 9]

(14)

In Equation 14, W is a stability correction factor which is zero during neutral atmospheric
stability. Similar expressions are used to define u® except that velocity at the ground is zero.
LE is the latent energy flux and G, is the soil heat flux. Equations 15 and 16 describe these
variables.

LE = p,Lu*Q". (13)
G, = —K,E!a. (16)
0z,

In an urban context the surface energy balance requires an additional term which represents
the heat released by man's activities. The additional heat along with differences in thermal
properties between urban and non-urban surfaces produces the urban heat island.

Meteorological Model A pplication

HOTMAC 1equires both terrain and meteorological inputs. The model begins with a tem-
perature field which is horizontally uniform. Initial potential temperatures are derived from
the potential temperature at sea level and the potential temperature gradients below the
height of the point which is being initialized. The vertical potential temperature is idealized
as composed of up to three line segments which are continuous but have different slopes.

Three davs in which air quality was poor, good, und normal were chosen for detailed mod-
cling. All of the days were in winter of 87-88. Meteorological inputs were based on the
afternoon rawinsonde of the preceding days which was used to estimate synoptic scale wind
and temperature prohles. The bad day (2-1-1988) featured light winds out of the north-
northeast. The normal day had moderate winds from the north-northwest. The good day
had high winds (9 meters per second) out of the southwest. We used a nested grid system to
model the valley of Mexico and its surrounding terrain. The outer grid has a 6 km spacing
and covers the major terrairn influences as shown in Figure 1. The inner grid as shown in
Fignre 2 embraces the city and the immediately adjacent slopes. It has a grid size of 2 km,

6
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The urban canopy was approximated by using the estimated distribution of CO emissions
defined on a 1 km grid. The relative CO emissions were used to proportion the fraction of
the area of a grid cell which was covered by canopy (roof tops), the zverage soil conductivity,
average soil heat capacity, and the urban heat release intensity. For example, in the cells
with the highest CO emissions the fraction area of the canopy within the cell would be set to
0.73, while soil conductivity and heat capacity would be chosen to represent pavement. For
areas with low emissions the canopy fractions would be set to .20 and the soil parameters
would be more nearly those of soil. The heat release was estimated based on ihe energy
released by automobiles when emitting the specified levels of CO. The urban heat release
reached 35 watts per square meter in some areas. Many of the parameters used to represent
the urban canopy are first estimates which will be refined as more information on land use
and urban skin temperatures becomes available during the course of the study.

THE PARTICLE TRANSPORT CODE RAPTAD

Model Formulation

RAPTAD is a Monte Carlo random particle statistical diffucion code, deveioped by Ted
Yamada®. Pseudo-particles are transported with instantaneous -locities that include the
mean wind field and the turbulence velocities. The turbulence vele :ty is generated randomly
consistent with the standard deviation of the wind at the particle location. The location
of each pseudo-particie represents the center of mass of a concentration distribution for
cach puff. The total concentration at any point is obtained by adding the concentration
contributions of cach puff at that point (a kernel method).

Other particle transport codes produce concentrations by counting particles within a sam-
pling volume. The computed concentration level could vary considerably depending upon
the size of the sampling volume ard number of particles used in the computation. For exam-
ple. if the sampling volume is very small, the concentration distribution becomes excessively
variable in space. On the other hiind. if the sampling volume is too large, the concentration
distribution will be over smoothcd. The kernel method avoids this difficulty and provides
smooth concentration distributions with relatively few particles.

The first step is to calculate the positions and turbulence history of a group of psendo-
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particles that represent the emissions from a release. Locations of particles are computed
from:

r(t+ At) = r,(t) + U, At (17)

where
Uy = Ui 4+ uy (18)
a 2 .
u,(t + At) = aui(t) + bo,, ¢ + bia(1 - a)tL,_E(au. ) (19)
a = exp (— At) (20)

tL.r.
and

b= (1 —a?)'/? (21)

In the above expressions {7y, is the particle velocity in the z, direction, U; is the mean velocity,
u, is the turbulence velocity, { is a random number from a Gaussian distritution with zero
mean and unit variance, ., is the Lagrangian integral time scale for the velocity u,, o,
is the variance of the velocity fluctuation u,, and §,3 is the Dirac delta. The last term on
the right hand side of Equation 19 was introduced by Legg and Raupach® to prevent tne
accumulation of particles in low-energy areas. The mean velocity {/; and vertical velocity
variance o, are obtained from the output of HOTMAC.

The Monte Carlo kernel method requires that a functional form for the distribution kernel
he chosen and that parameters that describe the width, breadth, and depth of the distribu-
tion be calculated. Various functional forms can be assumed to express the concentration
distribution in the puff. One of the simplest ways is to assume a Gaussian distribution where
variances are determined as the time integration of the velocity variances encountered over
the history of the puff. The concentration level at a given time and space is determined as
the sum of the concentrations each puff contributes. The concentration y at (X.}Y.Z) is
estimated by using the following expression:

N _vy2
WXV, Z) = _@_‘—V-_._‘__..,xp(_l(_"@;_-‘)_) (22)

y
(27)¥ = 0,040, 2 0.2

ecx _1____(3"‘ -Y)
XP 2 o,

_ 1{z - 2)? N 1(zk + Z - 22,)%)
o{(-.\p (—ET) +cx,)(-—-§ e )

[}
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where (4, yx, z¢) is the location of the k* particle; .4, 0,1, and o, are standard deviations
of a Gaussian distribution; and z, is the ground elevation. The variances are estimated based
on Taylor's homogeneous diffusion theory’. For example o, is obtained from

o} =20} /' /c R(¢)d(dt (23)

l
= dethy (t + L, exp (—T) - tLy)
v

where a correlation function R(¢) = exp (is) is used. Equation 23 is approximated by
o, = o,tt < 2y, (24)
and
2 9 2 9=
g, =200t > 2, (23)

Although the turbulence fieid is not normally homogeneous, we assume the theory can be
applicable over a short timc period, such as an integration time step. Therefore,

o (t + At) = o,(t) + o, Alt < 2y, (26)
and
a2t + At) = o}(4) + 2,02 AL > 2y, (27)

are used. Similar relations are used for the x and z directions. The standard deviations o,.¢,.
and 7, at cach particle location are obtained by interpolating grid values of a computation
grid voluine in which a particle is located.

Model Application

(‘oncentration predictions were carried out for each of the three days for both ('O and SOx.
Emissions on a 1 kin x ki grid were available. These cells were organized into a cumulative
distribution of the total emissions. RAPTAD was modified so that it chose a random number

9
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between 0 and 1 each time a pseudc-particle was to be released. The random number was
used to define a point on the cumulative emission distribution and to sele t the emission
cell which included that point on the distribution. The pseudo-particle was then released
from the center of the cell. Each cell was given the same initial sigmas which were chosen
to approximate the early plume growth resulting from sub-grid scale features. In the case
of SOx cmiss ons from point sources an initial plume height above the surface was chosen
based on the emission rate for the cell. Ideally, this approximate approach will be replaced
by detailed ¢ffective plume height calculations, however, the relevant details are not yet
available. Bcth the CO and SOx emission characterizations will be improved by better data
on time profiles and the spatial parameters.

EMPIRICAL STUDIES ON MIXING HEI..AiT AND
CO RELATIONSHIPS

Mixing height and stability parameters were studied for Mexico City using temperature pro-
files from rawinsonde launched from the Mexico City airport from 1985-1988. Rawinsondes
were launched at 12 and 0 GMT (0600 and 1800 LST), and these have been labeled as
morning and evening. respectively. The mixing depth is calculated from the potential tem-
perature profile by determining the base of an elevated inversion using standard teckniques®.
However, often morning soundings, particularly in winter show a ground based inversion.
Theoretically this situation should lead to no verticul mixing. However, studies in the San
Francisco Bay arca® and in a basin near a power plant!® show that pollutants do mix to
the top and bottom of a ground based inversion. How this occurs is not well understood,
however, terrain effects, basin waves induced by shear and initial plume buoyancy effects
may all play a role. Therefore, we have also taken a depth of a ground based inversion as
the mixing height when this occurs.

The ultimate test of the importance of mixing height to air pollution episodes is a direct
comparison of nixing height history with pollution measurements. The best choice for this
comparison is visibility because it represents an integrated property which is more likely to
be affected by large scale <ccumulation due to low mixing heights. However, we haven't
yet obtained visibility data from Mexico City. The next best choice is carbon monoxide
which has liitle chemical and photochemical reactivity. Figure 3 shows a comparison of 'O
concentrations and mixing heights for January and February of 1988. For these purposes

10
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a calculated mixing height of over 2 km was replaced by a value of 2 km because the con-
centrations are determined by other factcrs when mixing heights exceed 2 km. The CO
data represent 1 hour averages of CO concentrations beginning at 0600 LST from the mon-
itoring station closest to the airport. The mixing heights are determined from the morning
rawinsonde profile.

Figure 1 reports similar data for a station on the northwest side of the city; the airport is
on the cast central side of the city. The two Figures show a general association of high CO
concentrations with low mixing heights.

COMPARISON OF MODEL RESULTS AND OBSER-
VATIONS

Wind Predictions

Figures 5 and ¢ depict the wind fields predicted by the model for the bad day (julian day
35) for Gam and 2 pm cst respectively. The additional wind vectors between those at the
grid point are the measurements. In Figure 5 there are a total of six measurements including
thao of Station G which is separately marked. Station G is located on a hill and may not
represent the 10 meter height winds calculated by the model. Figure 7 reports the model
predictions for the vertical profiles at the grid point closest to station G. Figures 8 and 9
depict o wind fields on the normal day (December 7, 1987) at 6 am and 2 pm respectively,
Finally, gares 10 and 11 report the predicted and observed winds on the rood day (January
21, 1988). e plots show only the situations where measurements of both the wind speed
and the wind direction were available at a site. In many instances the wind direction. were
avirtlable while the wind speeds were missing which is to be expected for the low winds in the
hasin. The data from stations with higher winds may represent sites which are outside the
urban canopy. The wind directions represent a larger data set. Figures 12 and 13 display
the hourly winds at station 'I" which is near the southwest corner of the eity and at station
Y whichis near the airport on the castern side of the eity. For cases in which the measured
wind is tore than 180 degrees larger than the predicted wind, 360 degrees has been added
to the predicted wind and vice versa for the opposite case. This adjustiment is logical, but
it does exaggerate the agreement between the model predictions are the observed winds,
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Overall the a best-fit regression of the observed winds versus the predicted wind directions
gave a slope of .95 with a correlation cocflicient of .83 on the bad day. The standard error of
the slope was .047 and the mean predicted wind was 172 degrees while the mean observed
wind was from 204 degrees.

For data from all three days the relationship was much worse. In fact on 12/7 there was no
significant correlation. Overall the data set gave a slope of 1.008 with a standard error of
the slope of .04 and a correlation coefficient of 0.71, The mean measured wind direction was
247 degrees while the mean predicted wind direction was 222 degrees.

The modeling shows promise particularly for the days with strong 'ocal terrain forcing such
as the bad dav. However, there is much room for improvement. It also appears that the heat
island may be overestimated. This would account for the poor performance on the good day
wiien the model predicted that the combination of the large scale winds and the heat island
was sufficient to overcome the local slope winds. The result was that the observed winds
turned around in the afternoon while the modeled winds failed to do so. On the bad day
the modeled winds turned around slower than the observed winds in the morning and faster
in the evening.

Another aspect of the model application is the representation of the synoptic scale wind. In
the applications to date the synoptic scale wind has been estimated from the rawinsonde
of the previous afternoon. It is likely that there were changes in the synoptic scale wind
during the model period (about 30 hours) during the normal day. In addition, the afternoon
sounding was represented in a very simplified fashion in this application.

There are several aspects of the problem which will be examined in inore detail during
the next phase of the project when more detailed incasurements become avaiiable. The
measurements will provide skin temperatures, more vertical profiles, and better information
on pollutant miymg. These measurements will allow us to improve the model's representation
of the atmosphere i the region,

Modeled and Observed Concentrations

For the SOx predictions, the normal day showed the best correlation coefficient of A7 with
a slope of 137 and nearly identical means of .036ppm predicted and .037ppm measured. On

12
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the bad day the correlation coefficient was 0.2 with a slope of .24 and a predicted mean of
.072 versus a measured mean of .030ppm. Overall the correlation coeflizient was .22 with a
slope of .34 and a predicted mean of .057ppm and a measured mean of .033ppm.

The CO comparisons showed no correlation for the good day with similar correlations for the
bad and normal days. When the three days were lumped together the correlation coefficient
was only 0.15 with a slope of .16. The mean predicted concentration was 5.0 ppm while
the mean measured concentration was 3.8 ppm. Figure 14 reports the a comparison of the
hourly predictions and measurements on the bad day for station A which had the highest
single hour concentration. Figure 15 reports a similar comparison for station V which had
the highest average concentration on the bad day.

Some of the model's performance deficiencies are probably the result of an inaccurate or
insufficiently detailed description of the sources in the region. The fact that the soX pre-
dictions were much better on the windier day suggests that the fixed pluine height for the
sources was too low. A better description of the stacks and the plume rise associated with
them is important. The CO performance could probably be improved by using a line somce
description for the major highways.

The model calculations indicated that the morning rush hour emissions escaped the urban
arca in a few hours. The evening emissions were initially transported up the slopes, but
they were soon brought back into the domain as the downslope winds developed. In the
simulations reported here we began the emissions at midnight, so that the model was not
asked to describe the carry over emissions from the vreceding evening. This deficiency in
the application probably accounts for much of the discrepancy between the early morning
predictions and measurements.

SUMMARY

A joint study of Mexico City's air quality problems between Los Alamos National Laboratory
and the Instituto Mexicano Del Petroleo is underway. An carly task was to examine existing
ambient data and compare it to model predictions. The model uses a three-dimensional
prognostic meteorological code to provide wind and turbulence fields to a Monte Carlo
kernel, random particle transport code. A model of this sophistication was chosen because
of the important terrain influences in the region and the liviited meteorological data.
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The modeling system was used to make predictions for three days with arying air quality
Predictions were made and compared to experiments for winds and concentrations of CQ
and SOx. In addition a study of the measured mixing heighis showed an association with
mixing depths for days with low mixing heights

The modeling system shows promise for addressing the air quality questions, but there
are also deficiencies in its application. Additional studies now underway will provide an
opportunity to in.prove the model and the input data for this application.
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HOTMAC Resolution 6.0 X 6.0 km
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Figrre i+ Mixing hewghts and co concentrations for the monitoring station on the notthiwest
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[igure H: Modeled and measured 10 meter winds at 6 am on February 4 1953,
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